Previously, we showed that some podocytes in juvenile mice are recruited from cells lining Bowman's capsule, suggesting that parietal epithelial cells (PECs) are a progenitor cell population for podocytes. To investigate whether PECs also replenish podocytes in adult mice, PECs were genetically labeled in an irreversible fashion in 5-week-old mice. No significant increase in labeled podocytes was observed, even after 18 months. To accelerate a potential regenerative mechanism, progressive glomerular hypertrophy was induced by progressive partial nephrectomies. Again, no significant podocyte replenishment was observed. Rather, labeled PECs exclusively invaded segments of the tuft affected by glomerulosclerosis, consistent with our previous findings. We next reassessed PEC recruitment in juvenile mice using a different reporter mouse and confirmed significant recruitment of labeled PECs onto the glomerular tuft. Moreover, some labeled cells on Bowman's capsule expressed podocyte markers, and cells on Bowman's capsule were also directly labeled in juvenile podocyte-specific Pod-rtTA transgenic mice. In 6-week-old mice, however, cells on Bowman's capsule no longer expressed podocyte-specific markers. Similarly, in human kidneys, some cells on Bowman's capsule expressed the podocyte marker synaptopodin from 2 weeks to 2 years of age but not at 7 years of age. In summary, podocyte regeneration from PECs could not be detected in aging mice or models of glomerular hypertrophy. We propose that a small fraction of committed podocytes reside on Bowman's capsule close to the vascular stalk and are recruited onto the glomerular tuft during infancy to adolescence in mice and humans.
glycosylated form of CD133. The work by Ronconi et al. 13 showed that expression of these markers diminishes to the vascular stalk and that podocyte marker proteins (podocalyxin) are, in turn, upregulated. From these findings, it was hypothesized that progressive differentiation of PECs into podocytes on Bowman's capsule may occur and that these cells were in the process of migrating onto the capillary tuft through the vascular stalk. In addition, recent studies have reported in models for FSGS that repopulation of podocytes occurs after treatment with high-dose angiotensin-converting enzyme inhibitors or prednisone treatment. 14, 15 In a leptindeficient model of diabetic nephropathy, repopulation of podocytes was suggested as one possible explanation for an improved renal function and structure after leptin treatment. 16 These latter studies proposed PECs as a possible source of regenerating podocytes. However, these studies relied on indirect observations, such as expression of proliferation markers in PECs or other expression markers proteins, which may not be stable in disease. Furthermore, without specific labeling of cells, it is impossible to study the actual migration and differentiation between two distinct cell populations, such as PECs and podocytes. Therefore, at present, the in vivo evidence for a repopulation or regeneration of podocytes by PECs in adult mammalian kidneys is still nondefinitive.
The current study examined the regenerative potential of PECs in the adult mouse kidney. Using lineage tracing models, the fate of PECs was traced in aging mice and models of glomerular hypertrophy.
RESULTS

Tracing of Genetically Tagged PECs in Aging Mice
We previously reported that podocytes are recruited from Bowman's capsule in juvenile mice. 12 To investigate whether this recruitment continues to occur in adult mice, PECs were labeled in triple transgenic PEC-rtTA/LC1/R26R mice in a doxycycline-inducible irreversible fashion at 5 weeks of age and killed at different time points (1.5, 3, 6, 12 , and 18 months after induction of labeling) ( Figure 1A ). Across the entire observation period of 18 months, a similar distribution of b-galactosidase (b-gal)-positive cells was observed. Genetic labeling of PECs persisted even after 12 months (Figure 1 , D-D0, arrowheads). Overall, the absolute number of b-galpositive cells on the glomerular tuft at all time points was negligible ( Figure 1 , B-D0, arrows with tails); b-gal-positive cells were virtually always localized at the vascular stalk (transitional cells) and genetically labeled by the PEC-rtTA transgenic mouse. 12 These cells were counted as b-gal-positive cells localized on the glomerular tuft and constitute the low but constant presence of b-gal-positive cells on the glomerular tuft ( Figure 1E ). More than five b-gal-positive cells were never observed within 100 glomeruli of each evaluated kidney. Mice ages 19.5 months (i.e., 18 months after induction) showed (ultra) structural alterations with protein casts, tubular dilatation, glomerular basement membrane (GBM) thickening and mesangial expansion ( Figure 1 , F-H). Enlargement and formation of filopodial protrusions were observed in some podocytes ( Figure 1H , open arrow). There was segmental foot process effacement, but the majority of the podocytes showed normal foot processes.
Induction of Glomerular Hypertrophy after Partial Nephrectomy to Stimulate Podocyte Regeneration Podocyte recruitment in aging mice might be absent or too low to be detected. For this reason, an effort was undertaken to accelerate potential recruitment of podocytes from PECs. Uninephrectomy (UNx) or 5/6 nephrectomy (5/6Nx) were performed using two different reporter mice: PEC-rtTA/LC1/ R26R or PEC-rtTA/H2B-eGFP transgenic mice ( Figure 2 , A and B). In both reporter strains, not a single labeled cell was detected on the glomerular tuft in more than 20 mice that had received doxycycline, which labels ;72% of PECs as shown previously. 12 After a washout period, glomerular hypertrophy was successfully induced after UNx and 5/6Nx in both transgenic mouse lines ( Figure 2 , C and D). Because of limited amounts of kidney tissue after 5/6Nx, podocyte numbers could only be estimated indirectly on 80 random glomerular cross-sections per experimental mouse. As shown in Supplemental Figures 1-3 , progressive podocytopenia was observed after UNx and 5/6Nx. Because UNx alone was not sufficient to induce significant podocytopenia in PEC-rtTA/LC1/R26R mice, 5/6Nx exclusively was performed in the second reporter mouse (PEC-rtTA/H2B-eGFP), and again, it resulted in significant glomerular hypertrophy ( Figure 2C ).
Histologic examination of all experimental kidneys after 5/6Nx did not show FSGS lesions in any of the experimental mice. To further aggravate the stimulus for potential podocyte regeneration, 5/6Nx with deoxycorticosterone acetate (DOCA)/ salt treatment was performed ( Figure 2A , lower schematic). This model induces FSGS lesions in both reporter mice as we reported previously. 17 In the current study, the 5/6Nx DOCA/ salt model induced FSGS in 47611% of the glomerular crosssections. Both morphologically normal and (segmentally) sclerotic glomerular cross-sections showed marked glomerular tuft hypertrophy ( Figure 2D ). Among sclerotic glomerular cross-sections, a large variance in the glomerular tuft area was observed, which reflects the focal and segmental damage of the affected glomeruli, ranging from small segmental sclerotic lesions to global sclerosis. Podocytopenia was significant in both the normal and sclerotic glomerular cross-sections (Supplemental Figure 1) .
Tracing of PECs after Induction of Hypertrophy and Podocytopenia
To study whether PECs regenerate podocytes in our models of progressive glomerular hypertrophy, cell fate tracking of labeled PECs was performed and quantified. When using the b-gal reporter line PEC-rtTA/LC1/R26R, no significant increase of irreversibly labeled PECs was observed on the glomerular tuft cross-sections in any of our experimental groups ( Figure 3 , A-C). Even after longer time periods of up to 12 months, no significant recruitment of PECs was observed ( Figure 3D ). Among the glomeruli with positive b-gal staining on glomerular tuft cross-sections, positive cells per glomerular cross-section never exceeded two ( Figure 3C ). Like in nonmanipulated mice, positive cells were mostly located at the vascular stalk near the transition between Bowman's capsule and GBM. When two cells were visible in one single glomerular cross-section, both cells were usually located adjacent to each other in close proximity of the vascular stalk.
They were not dispersed and located in the periphery of the glomerular tuft in any case, indicating that these cells are labeled transitional cells 12 rather than regenerated podocytes ( Figure 3A4 ).
To confirm our findings, the experiments were repeated using a different reporter strain, PEC-rtTA/H2B-eGFP, in which PEC nuclei are labeled by the expression of enhanced green fluorescent protein (eGFP)-histone. Again, no increase in the number of eGFP-labeled cells on the glomerular tuft was observed, even after 5/6Nx, which was similar to our findings using the b-gal reporter line ( Figure 3 , E and F). The absolute Figure 3E , arrowheads). eGFP-histone labeling persisted in PECs even after 3 months ( Figure 3H) . A small decrease of eGFP-positive PECs on the Bowman's capsule was noted 3 months after 5/6Nx compared with control kidneys (pre-5/6Nx) that were removed from the same animal ( Figure 3H ). Although this difference was not significant compared with sham-operated control kidneys, nevertheless, it suggests that PECs are distributed over an enlarged Bowman's capsule in glomerular hypertrophy and that this finding is not fully compensated by PEC proliferation alone.
PEC Invasion onto the Glomerular Tuft in FSGS Lesions
Genetically labeled PECs were only observed in more than 80% of glomeruli affected by sclerotic lesions in the most aggravated model of 5/6Nx and DOCA/salt. The formation of FSGS lesions and the participation of PECs have already been studied by us previously. [17] [18] [19] In those studies, we showed, in different Figure 2 . Induction of progressive glomerular hypertrophy. (A) Experimental setups and timeline to induce glomerular hypertrophy using two alternative reporter mice: R26R and H2B-eGFP. All experiments included 14 days of doxycycline treatment and a 7-day washout before UNx or 5/6Nx. The 5/6Nx + DOCA salt model included 25 mg DOCA over 3 weeks combined with supplementation of 1% NaCl and 2 additional weeks with 0.5% NaCl by drinking water until euthanized. Arrow, time of euthanization. (B) Two alternative reporter genes were used in this study, which were both induced by the PEC-specific PEC-rtTA mouse. (Left) In the PEC-rtTA/LC1/R26R mouse, administration of doxycycline induces reversible expression of Cre recombinase from the LC1 transgene, which mediates irreversible activation of b-gal expression. (Right) Administration of doxycycline induces reversible expression of eGFP-tagged histone from the tetO 7 -H2B-eGFP transgene, which is deposited in the nucleus, where it persists because of a long-half life. (C) Glomerular hypertrophy after partial nephrectomy. Glomerular tuft volume was deduced from measured glomerular tuft areas of 80 glomerular cross-sections in kidneys of sham-operated (control) mice, resected kidneys (pre-UNx and pre-5/6Nx), and residual kidneys after 3 months (UNx and 5/6Nx) using the formula
3/2 . 14 n, number of mice as indicated (one-way ANOVA followed by Bonferroni test). (D) PEC-rtTA/LC1/R26R mice were subjected to the 5/6Nx+DOCA/salt model to induce the most significant glomerular hypertrophy and glomerulosclerosis in a fraction of the glomeruli. Glomerular size was evaluated in histologically normal and sclerotic glomeruli individually. *P,0.05; *** P,0.001. models of FSGS, that PECs do not replace podocytes functionally. Rather, these cells expressed the activation marker CD44 and remained positive for classic PEC markers. In accordance with these previous studies, the genetically labeled PECs present on the glomerular tuft in the current study were also positive for PEC activation marker CD44 ( Figure 4 , A and A9, arrows) and LKIV69 (staining parietal extracellular matrix) ( Figure 4 , B and B9, arrows). Within the glomerulus, CD44 can only be expressed by leukocytes other than activated PECs, and LKIV69 is specific for PECs. 17, 20 Of note, this result was only seen in glomeruli containing FSGS lesions, whereas hypertrophied glomeruli that were still morphologically normal with no visible FSGS lesion did not show migration of genetically tagged PECs onto the glomerular tuft (not shown). 17 
Recruitment of Podocytes from Cells on Bowman's Capsule in Juvenile Mice
Given the above results in adult kidneys in aging mice or glomerular hypertrophy, the experiments in juvenile mice were repeated using a different reporter strain PEC-rtTA/H2B-eGFP. Labeling of PECs was induced by two doxycycline injections on days 3 and 4 after birth, and the mice were euthanized at day 8 to verify specificity of labeling (Figures 5, A-C0, and 6, A-D0). After 4 days, eGFP-labeled cells were still localized on Bowman's capsule, and not a single cell within the periphery of the glomerular tuft was labeled. Of note, about 20% of glomerular cross-sections showed labeled transitional cells ( Figure 6F ), all of which were localized at the vascular stalk ( Figure 6G ). These eGFP-labeled cells expressed increased amounts of the podocyte marker Wilms tumor 1 (WT-1) compared with the relatively low expression of WT-1 in PECs, which has been described previously. 21 These results also support that these cells Juxtamedullary glomeruli, which develop sooner than the cortical glomeruli, rarely showed synaptopodin-positive PECs on Bowman's capsule (data not shown). The PEC-rtTA/ H2B-eGFP reporter line marked about 80% of all cells on Bowman's capsule, similar to the labeling frequency in adult mice 12 ( Figure 6E ), regardless of their coexpression of podocyte marker proteins. At 6 weeks of age, significant synaptopodin expression was no longer observed on Bowman's capsule ( Figure 6 , C-D0).
The above-described findings are suggestive that a fraction of the cells on Bowman's capsule are committed to differentiate into podocytes. To verify this notion, we tested whether the podocyte-specific transgenic mouse Pod-rtTA also directly labels putative podocytes on Bowman's capsule in juvenile mice.
In the Pod-rtTA mouse, transgene expression is driven under control of the podocin promoter; podocin is considered one of the most specific marker proteins for podocytes. 22 After labeling 3 and 4 days after birth, cells were, indeed, directly labeled on Bowman's capsule ( Figure 7, B and E0 ). In contrast, in adult PEC-rtTA/H2B-eGFP reporter mice exclusively, the visceral podocytes were but the cells on Bowman's capsule were not directly labeled (not shown).
Are There Podocytes-Committed Cells in Human Kidneys? To verify whether cells on Bowman's capsule also express podocyte marker proteins in humans (i.e., presumptive committed podocytes), synaptopodin expression was investigated in human kidneys at various ages (2 weeks, 5 months, and 2 and 7 years of age). Similar to mice, synaptopodin-positive cells were observed on Bowman's capsule at 2 weeks (Figure 8 , A1 and A2), 5 months (Figure 8, B1 and B2), and 2 years of age ( Figure 8C3 ). These cells showed the typical morphology of parietal epithelial cells with a thin cytoplasm and a flat nucleus (Figure 8, A2 , B1, B2, and C3, arrowheads). At younger ages, glomeruli were small with unfolded capillary loops and closely packed with podocytes ( Figure  8A2, arrows) . In 2-year-old kidney, a mixture of small glomeruli was observed with synaptopodin-positive cells on Bowman's capsule ( Figure 8C3 ) along with bigger glomeruli, in which the synaptopodin expression was restricted to the glomerular tuft. The latter were the juxtamedullary glomeruli. The glomeruli of a 7-year-old kidney showed no synaptopodin-expressing cells on Bowman's capsule (Figure 8 , D1 and D2). Costainings for the podocyte marker nestin showed very similar expression patterns on Bowman's capsule (Supplemental Figures 5-7) , whereas the expression of GLEPP1 seemed to be restricted to fewer cells on Bowman's capsule (Supplemental Figures 8-10 ). As shown in our quantitative analysis of synaptopodin-positive cells, presumptive committed podocytes were more numerous on Bowman's capsule at younger age ( Figure 8E ). In addition, committed podocytes were more numerous in the smaller subcortical glomeruli, which mature later, independent of age ( Figure 8F ). 
DISCUSSION
The current study is a follow-up of our previous study showing the recruitment of podocytes from cells of Bowman's capsule in juvenile mice. 12 The present study investigates whether recruitment of podocytes from PECs occurs in the adult mouse kidney under physiologic conditions (i.e., normal aging) or after induction of glomerular hypertrophy and/or relative podocytopenia.
Our first major finding was that permanently tagged PECs in aging mice did not migrate onto the glomerular tuft to replenish podocytes. Loss of renal function and development of glomerulosclerosis are associated with aging in humans as well as rodents. [23] [24] [25] [26] [27] Several studies have indicated that loss of podocytes plays an important role in age-related glomerulosclerosis. 26, [28] [29] [30] It was unclear until now whether lost podocytes were at least partially regenerated and if age-related glomerulosclerosis was, thus, caused by an insufficient replacement of podocytes. 31 The aged PEC-rtTA mice showed typical changes within the glomerulus associated with kidney aging 27 (i.e., mesangial matrix expansion, thickening of the GBM with formation of spikes/humps, proteinuria, and podocyte hypertrophy). Despite these structural changes, no replacement of podocytes by PECs was detected, even in these very old mice.
The second major finding of this study was the lack of regeneration of podocytes from PECs after induction of glomerular hypertrophy. Although podocyte numbers were not precisely determined for technical reasons (limited renal tissue after 5/6Nx), there was a significant trend to fewer podocytes per glomerular area or glomerular cross-section in the 5/6NX and 5/6Nx with DOCA/salt models, but again, no migration of PECs on the glomerular tuft was detected using two different reporter mice. The same result is also corroborated by another independent study using FACS analysis to quantify podocyte turnover. 32 Combined with our observations in aging mice, these data strongly argue against a significant regeneration of podocytes by PECs in adult mice, and it may be premature to denote PECs as progentior cells. 13, 33, 34 The only situation in which we observed migration of PECs on the glomerular tuft in adult mice was in glomeruli affected by glomerulosclerosis. However, in these glomeruli, the PECs were activated and deposited foreign extracellular matrix. Therefore, they are involved in the formation of the FSGS lesions and not beneficial to the glomerulus. This finding is consistent with our previous reports. [17] [18] [19] 27 In the current study, we examined podocyte regeneration under physiologic conditions and in models of glomerular hypertrophy. The choice to use these models was made for several reasons. First, the models are based on a nontoxic physiologic stress and/or injury. A similar spectrum of glomerular injury can be achieved in, for instance, the adriamycin model 35, 36 or models in which podocytes are specifically injured/depleted (Diphtheria toxin 2, 37 and LMB2/NEP25 models 38 ) by injection of the different doses of the specific toxins. Using toxin-induced models, one cannot rule out that signaling necessary for a proper regeneration is also affected in the surviving podocytes. Furthermore, the present study reveals that the podocin promoter (at least in the Pod-rtTA mouse) also targets the transitional cells at the vascular stalk when used for podocyte-specific depletion models. Transitional cells may be of importance as a minor reserve for podocytes during adolescence. Using less specific toxins, like the adriamycin model, toxic effects on other glomerular cells, including the PECs, cannot be ruled out. Second, the models that we used reflect the pathology observed in human glomerular disease. Should a significant turnover of podocytes from PECs exist under physiologic conditions, it should have been detected in normal aging mice over time. Furthermore, many human diseases are associated with an increase in single nephron GFR and subsequent glomerular hypertrophy (e.g., obesity, aging, diabetes, hypertension, partial renal mass ablation, or CKD independent of the primary insult). 39 It is well established that glomerular hypertrophy predisposes to secondary glomerulosclerosis (FSGS) and progression to ESRD. [40] [41] [42] [43] [44] Third, by analyzing UNx, 5/6Nx, and the 5/6Nx with DOCA/salt models, a broad injury spectrum from mild glomerular hypertrophy ranging from no significant reduction of podocytes per glomerular area (UNx) to a marked glomerular hypertrophy and relative podocytopenia (5/6Nx) was covered. As shown by the induction of FSGS lesions, the injury spectrum also covered excessive glomerular hypertrophy exceeding any potential regenerative mechanisms (5/6Nx and DOCA/salt model).
The fourth major finding in the current study was a simple, but consistent, explanation of why migration of cells from the Bowman's capsule to the glomerular tuft was only observed in juvenile mice. Using markers specific for PECs or podocytes and using the PEC (PEC-rtTA)-and podocyte (Pod-rtTA)-specific reporter mice, the development of glomeruli after the capillary loop stage was investigated in more detail. Only in young, still growing glomeruli, a population of cells was detected on Bowman's capsule expressing both PEC and podocyte markers. These cells were no longer detected in 6-week-old adult mice. Similar observations were made in kidneys of newborn and juvenile humans. The cell fate decision to differentiate into PECs or podocytes is made before the capillary loop stage. 45 We postulate that a number of cells on Bowman's capsule commit to become podocytes and that these cells can be detected by coexpression of podocyte markers (the so-called transitional cells). These precommitted cells are still located on the Bowman's capsule at birth, when the glomerular tufts are still very small and crowded by podocytes (Figure 8 ). At this early stage, the capillary surface may not be sufficient to hold all podocytes, which are required later in life when the body (and plasma volume, which determines glomerular tuft size) is fully grown. As the glomeruli enlarge when the mice or humans grow, these cells are then recruited onto the glomerular tuft (Figure 9 ). This podocyte reserve is rather small (less than 10% of all podocytes). We speculate that this finding may also provide an explanation why obesity predisposes not only to glomerular hypertrophy but also, secondary FSGS. We may be running out of our small reserve of podocyte-committed cells, and because no additional regenerative mechanism may exist in adults, we develop renal disease as adults.
CONCISE METHODS
Transgenic Mice
Triple transgenic PEC-rtTA/LC1/R26R mice 12 were used for UNx, 5/6Nx, and aging experiments. These mice express b-gal after administration of doxycycline under a rabbit podocalyxin promoter specifically in the PECs. To stain these cells, a dye labeled substrate (X-gal) was given on frozen sections, which is metabolized by recombinant b-gal so that the unlabeled dye stained transgenic cells irreversibly blue.
For additional experiments, PEC-rtTA/LC1/R26R/H2B-eGFP mice (short PEC-rtTA/H2B-eGFP) were used. These mice carry the same transgenes as the PEC-rtTA/LC1/R26R mice but have an additional transgene expressing eGFP fused to histone H2B under a doxycycline-dependent transactivator-activated promoter. 46 For the experiments with juvenile mice, PEC-rtTA/LC1/R26R/ H2B-eGFP and the podocytes-labeling Pod-rtTA/LC1/R26R/H2B-eGFP mice (short Pod-rtTA/H2B-eGFP) were used. 22 Although the Cre recombinase-and b-gal-encoding transgenes are not required for eGFP labeling of the PECs, these mice were also named PEC-rtTA/ H2B-eGFP and Pod-rtTA/H2B-eGFP. Mice were housed in the facility of the Aachen University Hospital under specific pathogen-free conditions. Animals received regular feeding and water ad libidum. Animal studies were approved by the local state government authorities Landesamt für Natur, Umwelt 
UNx and 5/6Nx
The PEC-rtTA/LC1/R26R mice and PEC-rtTA/LC1/R26R/H2B-eGFP mice received doxycycline hydrochloride by drinking water for a total of 14 d (5% sucrose and 1 mg/ml doxycycline protected from light), which was exchanged every 2 d. After a washout phase of 7 d, mice were divided into the different groups, and UNx, 5/6Nx, or sham operation was performed. Mice were anesthetized with ketamine-xylazine (100 mg/ml ketanest and 20 mg/ml xylazine in normal saline [0.9%]; 0.1 ml/10 g body wt), and after shaving the abdominal area, a laparotomy was made. The hilus of the left kidney was ligated, the capsule was removed, and the kidney was excised near the hilus. In addition, for 5/6Nx, the right kidney was occluded with a vascular clamp, the capsule was removed at the upper and lower poles of the kidney, and both poles were cut off as well. Bleeding was stopped using gelatin sponges (Gelastypt; Sanofi-Aventis GmbH, Frankfurt, Germany). The cut was sutured, and the mice were monitored 3 months after surgery until they were killed to harvest the residual kidneys. Therefore, mice were anesthetized as described above. The kidneys were recovered and apportioned; one part was snap-frozen in Tissue-Tek (Miles, Inc., Iowa City, IA), whereas the other part was immersion-fixed and embedded in paraffin.
5/6Nx and DOCA Salt
PEC-rtTA/LC1/R26R mice underwent 5/6Nx as described above after 14 days of doxycycline treatment and a 7-day washout phase. Furthermore, 7 days after surgery, a 25-mg pellet of DOCA (Innovative Research, FL) was implanted subcutaneously and released over the following 3 weeks; 1% NaCl was added to the drinking water. After 3 weeks of DOCA release, the mice received 0.5% NaCl by drinking water for an additional 2 weeks and were monitored the whole time. Then, the mice were perfused with 3% paraformaldehyde, and their kidneys were harvested as previously described.
Induction of Genetic Tagging in Juvenile Mice
For proliferation and migration studies in developing mice, the previous experimental protocols were repeated with juvenile PECrtTA/LC1/R26R/H2B-eGFP and Pod-rtTA/LC1/R26R/H2B-eGFP mice. 12 To induce the specific labeling, 3-day-old animals were injected intraperitoneally with 50 mg/g body wt doxycycline dissolved in 0.45% saline over a total of 2 days. For early time points, some control mice were killed on day 8 by decapitation, and the kidneys were harvested for cryo-and paraffin embedding (after immersion fixation in 4% formalin). The other group was killed after 6 weeks as described above.
Human renal tissues were obtained from the database of the Institute of Pathology in Aachen, Germany. Use of these tissues was approved by the local ethics committee.
For enzymatic X-gal staining, 5-mm cryosections were incubated for 5 minutes in 4°C cold postfixation solution (2% glutaraldehyde, 0.01% sodium deoxycholate, 0.02% IGEPAL-CA630 [SigmaAldrich], and 1 mM MgCl 2 in PBS [pH 7.8]) and then washed for 20 minutes in PBS. The sections were incubated overnight at 37°C in a humidified atmosphere in staining solution (1 mg/ml X-gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM MgCl 2 in PBS [pH 7.8]). The next day, sections were counterstained with eosin, washed in tap water, and mounted (Immu-Mount; Thermo Scientific, Waltham, MA.).
Immunohistochemistry and immunofluorescence stainings were performed with both 5-mm cryosections and 3-mm paraffin sections (Table 1) .
Immunohistochemical stainings were counterstained with hemalaun. 
Light and Fluorescence Microscopy
Fluorescent stainings were examined using a Leica DMRX microscope together with a JVC KY-F1030 camera. Images were analyzed using DISKUS software (Carl H. Hilgers, Königswinter, Germany) for measuring glomerular tuft areas as well as counting podocytes and eGFP-positive cells and scoring b-gal-stained cryosections.
For transmission electron microscopy, small fragments of cortex were fixed in 2.5% glutaraldehyde dissolved in 0.1 M sodium cacodylate buffer (pH 7.4) overnight at 4°C and washed in the same buffer. The tissue fragments were postfixed in palade-buffered 2% OsO4 for 1 hour, dehydrated, and embedded in Epon812 using Luft's procedure (Merck, Darmstadt, Germany). Ultrathin serial sections were contrasted with 4% uranyl acetate for 45 minutes and subsequently, lead citrate for 5 minutes at room temperature. Sections were examined in a Jeol 1200 EX2 Electron Microscope (JEOL, Tokyo, Japan).
Statistical Analyses of Glomerular Tuft Areas and Podocytes
To reveal hypertrophic processes, the tuft areas of 80 glomeruli of periodic acid-Schiff-stained sections of each control were removed, and residual kidney was measured using the DISKUS software. Estimation of mean glomerular volume (V G ) was performed on digital images of cortical tissue stained with periodic acid-Schiff. V G was calculated using the formula V G =(b/k)(A m ) 3/2 , where A m is the mean glomerular cross-sectional area, k=1.01 is a size distribution coefficient, and b=1.38 is the shape coefficient for glomeruli that are assumed to be spherical. 47 Additionally, the number of WT-1-positive nuclei of visceral podocytes was counted in each control, and residual kidney was removed. To assess podocyte loss, the number of podocytes per millimeter 2 was calculated and normalized to the hypertrophied tuft area (i.e., the number of podocytes per millimeter 2 was divided by the factor by which the area of glomerular cross-sections was increased).
Evaluation of b-Gal-Positive Cells within the Glomerulus
To evaluate regeneration potential of PECs after injury, b-gal-stained frozen sections of each control were removed, and residual kidney was examined in a blinded manner; 100 glomeruli of each kidney were evaluated by scoring the X-gal-stained PECs within the tuft.
Evaluation of eGFP-Positive Cells within the Glomerulus
To evaluate regenerative potential of PECs in PEC-rtTA/LC1/R26R/H2B-eGFP mice, paraffin sections of control and 5/6Nx residual kidneys were immunohistochemically stained for eGFP. Furthermore, eGFP-positive cells on the Bowman's capsule and the glomerular tuft of 80 glomeruli per sample were counted. 
